We show that the spatial heterogeneity in the coseismic displacement of large earthquakes likely reflects the spatial characteristics of the frictional properties and that it can be inferred from the stress drop of moderate-sized earthquakes. We analyzed stress drops of 686 earthquakes with magnitudes of 4.0 to 5.0 off the south-east of Hokkaido, Japan, and investigated the spatial heterogeneity between the difference of shear strength and dynamic stress level on the Pacific Plate. We deconvolved observed P and S waves with those of collocated small earthquakes and derived the source effect of the earthquakes. We then estimated the corner frequencies of the earthquakes and calculated stress drops using a circular fault model. The values of stress drops showed a spatial pattern consistent with slip distributions of historical large earthquakes. Earthquakes that occurred in the area with a large coseismic slip during the , and the area acted as a barrier during the 2003 Tokachi-oki earthquake. These facts suggest that the frictional properties of the plate interface show little temporal change, and their spatial pattern can be monitored by stress drops of moderatesized earthquakes. The spatial heterogeneity provides important information for estimating the slip pattern of a future large earthquake and discussing a policy for disaster mitigation, especially for regions in which slip patterns of historical large earthquakes are unclear.
Introduction
Numerous large earthquakes have been observed off the south-east of Hokkaido, Japan, due to the subduction of the Pacific Plate beneath the Okhotsk Plate at a rate of 80-100 mm/year (e.g., DeMets et al. 1990 ). Previous studies have suggested that the frictional properties of the plate interface in this region exhibit spatial heterogeneity. Yagi (2004) analyzed the source rupture process of the 2003 Tokachi-oki earthquake (in Japanese, X-oki means "off the coast of X") and found that an area with a large coseismic slip in the shallower part had a longer rise time than the area in the deeper part of the fault plane. They pointed out that the difference should be attributed to the spatial variety of the frictional properties. analyzed the spatial distribution of the afterslip following the 2003 Tokachi-oki earthquake using GNSS data. They found that areas with a significant afterslip were located around the coseismic rupture area, especially at the shallower plate interface. investigated the spatiotemporal evolution of the afterslip in detail. They found that the slip-rate history of the afterslip in the coseismic area during the 2003 Tokachi-oki earthquake was significantly different from that around the area where significant afterslip was observed. They also concluded that the difference indicated spatial variations in frictional properties. Ghimire and Tanioka (2011) compiled focal mechanisms of earthquakes on the Pacific Plate off the south-east of Hokkaido and found a spatial correlation to source areas of historical earthquakes. They pointed out that the angle between the maximum principal stress direction and the fault normal was between 30°and 45°in coseismic source areas of historical earthquakes, whereas it was larger than 45°in other areas, suggesting that the coseismic areas of historical earthquakes have larger frictional coefficients or higher shear strengths. Azuma et al. (2012) conducted an experiment using air guns and ocean bottom seismometers off the south-east coast of Hokkaido and investigated the reflectivity on the interface of the Pacific Plate. They reported that the reflectivity had lateral heterogeneity, suggesting the lateral variation of the coupling rate and frictional properties on the plate interface.
As many moderate-sized earthquakes have been taking place on the subducting Pacific Plate off the south-east of Hokkaido, Japan, they provide a good opportunity for investigating the spatio-temporal distribution of their stress drops and its implication with respect to the frictional properties of the plate interface. In this study, we analyzed stress drops of these moderate-sized earthquakes and investigated the correlation of their spatial pattern with slip distributions of large historical earthquakes. The significance of stress drop analysis is summarized in the next section.
Stress drop and its mechanical significance
Stress drop is an important source parameter indicating the difference between the initial and residual stress levels, that is, the shear stresses before and after earthquake rupture. Stress drops of small and large earthquakes have been investigated and have almost confirmed the selfsimilarity of earthquakes (e.g., Kanamori and Anderson 1975; Abercrombie 1995; Prieto et al. 2004; Yamada et al. 2007; Yoshimitsu et al. 2014 ). This self-similarity is important in that we can treat stress drops of earthquakes as indicators of the difference between the shear strength and the dynamic stress level on the fault plane, independent of the earthquake size. Here, we must note that the self-similarity for a broad range of earthquake sizes is not fully confirmed and remains a matter of debate. Some papers have pointed out that earthquakes might have a weak dissimilarity (e.g., Mayeda et al. 2005 ). However, moderate-sized earthquakes with a narrow magnitude range, as considered herein, do not show a strong dissimilarity and their stress drops can be treated as an indicator of frictional characteristics.
The spatio-temporal heterogeneity of stress and strength has been investigated by stress drops of earthquakes, especially over the last several years. Allmann and Shearer (2007) analyzed stress drops of small earthquakes near Parkfield, California, and investigated the relationships between their spatial and temporal variations and the source area of the 2004 Parkfield earthquake. They concluded that earthquakes around the source area of the 2004 Parkfield earthquake had larger values of stress drop compared to the values of earthquakes outside the region. On an even finer scale, Yamada et al. (2010) investigated stress drops of small earthquakes that occurred on the fault plane of the 2006 Kīholo Bay earthquake (M W 6.7) and compared the values of stress drop to the slip distribution of the earthquake. They found that small earthquakes around large slip patches of the main shock were likely to have larger values of stress drop. They concluded that the spatial pattern of stress drop reflects coherent variations in the difference between the strength and the residual stress level. Urano et al. (2015) conducted a similar analysis of the 2007 Noto Hanto earthquake and concluded that static stress drops of aftershocks in a large slip area of the mainshock are larger than those in a small slip area. This result also suggests that stress drops of earthquakes reflect in situ frictional properties, which is the same as the conclusion of Yamada et al. (2010) . Oth (2013) estimated stress drops of earthquakes in Japan and concluded that the values were strongly correlated with heat flow variations. He also pointed out that the lateral stress drop variations of subcrustal earthquakes with a focal depth larger than 30 km were likely to be consistent with the coupling properties of the plate interface. Uchide et al. (2014) analyzed stress drops of 1563 small earthquakes of M3.0-M4.5 in the area east of the Tohoku region that occurred before the 2011 Tohoku-oki earthquake and found lateral variations in stress drop along the strike. Yamada et al. (2015) analyzed a cluster of earthquake activity beneath the Tanzawa Mountains, Japan. They found that the activity included earthquakes with a small stress drop and showed the hypocenter migration. They concluded that the activity would be triggered by the increase of pore pressure due to fluid, that is, the decrease of the shear strength. Although stress drop estimates generally include some assumptions, such as circular faults explained in the next section, these previous studies strongly suggest that the values of stress drop reflect actual physical characteristics of the fault planes of earthquakes.
On the other hand, some studies raised questions as to whether the estimated stress drop reflects frictional properties. Shearer et al. (2006) investigated stress drops of aftershocks of the 1992 Landers earthquake and compared their spatial pattern to coseismic displacements on three major segments derived by Wald and Heaton (1994) . They pointed out that stress drops of aftershocks on the northern segment (Camp Rock/Emerson faults) were consistent with the slip distribution. However, they also found that the values on the southern segment (Landers/Johnson Valley faults) showed a weaker correlation and were anti-correlated on the central segment (Homestead Valley fault). Hardebeck and Aron (2009) analyzed stress drops of earthquakes on the Hayward fault. They found that stress drops had a good correlation with an applied shear stress but did not directly correlate with the proposed strength of the wall-rock geology. They pointed out that this suggests the stress drop gives information on the fault strength, but the relation between the fault strength and the strength of wall rock would be complex. Our result will provide an example of whether or not stress drops derived from seismograms can be used for investigating frictional properties on earthquake faults.
Methods/Experimental
We analyzed stress drops of 686 earthquakes with 4.0 ≤ M ≤ 5.0 off the south-east of Hokkaido, Japan, that took place from June 2002 to December 2015 (Fig. 1) . Note that, in this paper, M expresses the magnitude of an earthquake as determined by the Japan Meteorological Agency (JMA). The hypocenters of the 686 earthquakes were located from 40.5°N to 43.5°N in latitude and from 141.0°E to 146.5°E in longitude with a depth of ±15 km from the interface of the Pacific Plate deduced by Kita et al. (2010) . The distance of 15 km in depth direction is within the range of uncertainty in the hypocenter determination in the study area because of the poor azimuthal coverage of seismic stations. We used waveforms observed at stations maintained by National Research Institute for Earth Science and Disaster Resilience, Japan (NIED), Hokkaido University, and JMA.
An observed waveform as a function of time W(t) includes the effects of the source S(t), the path from a hypocenter to a receiver P(t), site amplification effects St(t), and the instrumental features of a seismometer I(t), that is:
where * denotes convolution. In the frequency domain, the convolution can be expressed as a scalar product, and the following equation holds:
, and I(f ) are expressions in the frequency domain of W(t), S(t), P(t), St(t), and I(t), respectively. If we know the expressions of P(f ), St(f ), and I(f ), we can calculate the Green's function and estimate the source effect from the observed waveform. As it is actually difficult to estimate the Green's function precisely, we used the method of empirical Green's function (EGF) (e.g., Hartzell 1978) . The observed waveforms of two earthquakes at a station can be expressed as follows:
If the hypocenters of the two earthquakes are identical, no velocity change takes place during the two earthquakes, and the soil beneath the station acts linearly independent of the amplitude of the incoming waveforms, then the path and site effects are exactly the same, P 1 (f) = P 2 (f) and St 1 (f) = St 2 (f). In this case, we can extract the ratio of the source effect by calculating the ratio of the observed waveforms in the frequency domain,
Equation (5) gives the spectral ratio of each pair of an analyzed earthquake and an EGF earthquake. We assume that source spectrum of an earthquake S C (f ) can be expressed by the omega-squared model of Boatwright (1978) , which is shown as the following equation:
where R, M0, and f 0 are the coefficient of the radiation pattern, the seismic moment, and the corner frequency of the earthquake, respectively. Here, C indicates the wave type, which is either P or S. This assumption means that we approximated the fault plane as a circular plane. The deconvolved velocity amplitude spectra _ u C r f ð Þ can then be expressed as follows:
where subscripts A and E indicate analyzed and EGF earthquakes, respectively. Moreover, R C r and M 0r express the relative values of R C A =R C E and M 0A /M 0E , respectively. The value of R C r is equal to 1 if the focal mechanisms and hypocenters of the analyzed and EGF earthquakes are exactly the same. The sampling rate of waveforms analyzed in the present study was 100 Hz. We used waveforms of earthquakes in 2004 through 2015 with M3.5 that were closest to the hypocenters of the analyzed earthquakes as EGFs. A list of analyzed and EGF earthquakes is available as an Additional file 1 (see eqlist.txt).
We selected earthquakes with M3.5 as EGFs and analyzed earthquakes in a relatively narrow magnitude range of 4.0 ≤ M ≤ 5.0 based on the following considerations. In order to ensure a good signal-to-noise ratio of EGFs, especially for spectra of lower frequencies, we selected earthquakes with M3.5 as EGFs. The lower limit (M4.0) of the analyzed earthquakes was fixed in order to maintain a difference in magnitude of 0.5 compared to the EGFs and to ensure quality in estimating the corner frequencies. As stress drops are estimated for individual earthquakes, the values for large earthquakes would represent the average characteristics of individual large fault planes and would not reflect local frictional characteristics. In addition, as waveforms of some large earthquakes were clipped, we set the upper limit of the earthquake size to M5.0.
We calculated the spectral ratios of P and S waves for individual pairs of an earthquake and an EGF. The spectral ratios were calculated for three time windows with a length of 10.23 s, or 1024 data points. The start times of the first window were 0.50 s prior to the arrival times for either the P or S waves. The elapsed times of the two successive time windows were 1.28 and 2.56 s, respectively. Taking the logarithm of Eq. (7), the spectral ratio can be approximated as follows:
Before fitting each analyzed spectral ratio with the theoretical ratio expressed by Eqs. (8) and (9), we resampled the frequencies so that the interval was equal to 0.05 on a log 10 scale. As a result, we obtained 20 frequency bands (data points) for each order of frequency. This procedure made it possible to treat high-and lowfrequency data equally. We also calculated the standard deviation of the spectral ratio for each frequency band and used the value in fitting data, as explained below.
We estimated the values of R C r M 0r , f C 0A , and f C 0E in Eq. (9) for each station by a grid search that gave the minimum residual for the spectral ratios of three time windows, similar to Imanishi and Ellsworth (2006) :
where σ i is the standard deviation for each frequency band calculated in resampling the spectral ratio. All of the earthquakes have four or more stations available for the corner frequency estimation. We used data from 0.7 to 20 Hz to calculate the residual in Eq. (10) and estimated corner frequencies by grid search between 0.3 and 20 Hz. This frequency range and the length of the time window (10.23 s) were selected so that we were able to analyze corner frequencies of earthquakes with 4.0 ≤ M ≤ 5.0, which would be around 1-3 Hz, as expected by the self-similarity of earthquakes. Figures 2  and 3 show examples of velocity waveforms, their spectra, deconvolved spectra with a resampling, and the best-fit curves of spectral ratio that were used for estimating a corner frequency. We also provide examples for another earthquake as supplemental figures (Additional files 2 and 3: Figures S1 and S2 ). We can see that waveforms have a signal-to-noise ratio larger than a factor of five even for low frequencies between 0.7 and 2 Hz for EGF earthquakes. Finally, we calculated the values of stress drop following Madariaga (1976) :
where V S is the shear wave velocity (=4.5 km/s, from Matsubara and Obara 2011), and C indicates the wave type. We used k = 0.32 and k = 0.21 for P and S waves, respectively, assuming that the rupture speed corresponds to 0.9V S (Madariaga 1976 ). We will discuss the effect of the value k in the section "Discussion." We assumed that M is equivalent to the moment magnitude M W in calculating stress drops. We also discuss the validity of this assumption in the section "Discussion."
The seismic moment M 0 in newton meters (Nm) can be calculated from M W using the following equation (Hanks and Kanamori 1979) : log 10 M 0 = 1.5M W + 9.1.
Results Figure 4 shows the spatial pattern of stress drop estimated from P and S waves. Mai et al. 2016 ). We summarize the results for the three areas in the following subsections. The significance of the results, as well as the discrepancy between the absolute values of stress drop estimated from P and S waves are discussed in the section "Discussion."
Source area of the 1968 Tokachi-oki earthquake Figure 5a shows a magnified image of the results for the S wave in this region. The thick gray and thin black lines indicate the depths of the Pacific Plate and the coseismic slip of the 1968 Tokachi-oki earthquake, respectively (as in Fig. 4 ). Refer to the caption of Fig. 5 regarding the intervals of the contours. Earthquakes in an area with a coseismic slip greater than 1 m clearly had higher stress drops than earthquakes that occurred around the source area of the 1968 earthquake. We calculated the average values of stress drop in the region with a coseismic slip larger than 1 m during the 1968 earthquake and those in other regions in Fig. 5a . The values were 64.6 and 20.2 MPa, respectively, and the difference was statistically significant with a 99% confidence interval from Welch's t test. This is consistent with the results of Yamada et al. (2010) and Urano et al. (2015) , suggesting that the spatial pattern of stress drop reflects the frictional characteristics of the plate interface.
Moreover, in this region, the area with a high stress drop and a large slip during the 1968 earthquake corresponds to the kink of the subducting Pacific Plate. This may imply that the geometry of the subducting Pacific Plate plays an important role with regard to the frictional properties of the upper plate interface of the Pacific Plate. Figure 5b shows the spatial pattern of stress drop of moderate-sized earthquakes in this region. Quantitatively investigating the correlation between the spatial distribution of stress drop values and the coseismic displacement of the 2003 Tokachi-oki earthquake would be difficult because few earthquakes occurred in the area with a large coseismic slip. Figure 4c indicates, however, that earthquakes in this area had larger values of stress drop, suggesting that the difference between the shear strength and the dynamic stress level is large in this area.
Source area of the 2003 Tokachi-oki earthquake
In addition, Fig. 5b shows the correspondence between the afterslip area following the 2003 earthquake and the stress drop distribution of our results. investigated the spatio-temporal distribution of afterslip following the 2003 Tokachi-oki earthquake and found that significant afterslip occurred in the adjacent areas to the south and east of the coseismic rupture area of the 2003 earthquake between the rupture areas of the 1968 Tokachi-oki and 1973 Nemuro-oki earthquakes. The afterslip area is quite consistent with the area with a smaller stress drop in this study. As the afterslip area had a smaller displacement compared to that in the coseismic area, this consistency also suggests that the spatial pattern of the frictional characteristics exhibits little temporal change and can be inferred from the stress Fig. 2 a Example of an analyzed waveform of an earthquake with M4.8. The color lines indicate the three time windows used in deconvolution, which were (P0) − 0.50 to 9.73 s, (P1) 0.78 to 11.01 s, and (P2) 2.06 to 12.29 s after the P arrival. The gray line shows a time window from 12.00 to 1.77 s before the arrival time of the P wave, which was used to calculate the spectrum of a noise in (b). Each time window has 1024 data points. b Spectra of waveforms for the four time windows shown in (a). c Example of a waveform of an M3.5 earthquake that was used for an EGF. Note that the vertical scales in (a) and (c) are different. d Spectra of waveforms for the four time windows shown in (c). e Deconvolved spectra with the fitted omega-squared model. The color lines are deconvolved source spectra, that is, (b) divided by (d), for three individual time windows with a resampling of frequency bands. The black broken line shows the fitted omega-squared model with corner frequencies of 3.98 and 12.6 Hz for the analyzed and EGF earthquakes, respectively drop analysis, supporting the conclusions of Yamada et al. (2010) and Urano et al. (2015) .
However, the afterslip area of the 2003 Tokachi-oki earthquakes could be also included in the coseismic area of the 1952 Tokachi-oki earthquake (e.g., Hirata et al. 2003) . The spatial resolution of the slip distribution of the 1952 earthquake would be lower than that of the 2003 sequence, which implies that the frictional properties in the region might exhibit significant temporal change. Further analysis of stress drops for a longer period may provide a clue for investigating temporal changes in frictional properties.
Source area of the 1973 Nemuro-oki earthquake
It is difficult to quantitatively investigate the correlation between the values of stress drop and the coseismic displacement of large earthquakes in this region. One reason for this difficulty is that we could not estimate values of stress drop in most of the area with a large slip during the 1973 Nemuro-oki earthquake because few moderate-sized earthquakes occurred in the shallower part of the coseismic area of the 1973 earthquake from 2002 to 2015 (Figs. 1 and 4) .
Earthquakes that occurred west of the source area of the 1973 Nemuro-oki earthquake had larger values of stress drop. This region corresponds to the seismic gap between the 2003 Tokachi-oki and the 1973 Nemuro-oki earthquakes and is included in the coseismic area of the 1952 Tokachi-oki earthquake with M W 8.1 (Hirata et al. 2003) . If the conclusions of Yamada et al. (2010) and Urano et al. (2015) Fig. 3 a Example of an analyzed waveform of an earthquake with M4.8. The color lines indicate the three time windows used in deconvolution, which were (S0) − 0.50 to 9.73 s, (S1) 0.78 to 11.01 s, and (S2) 2.06 to 12.29 s after the S arrival. The gray line shows a time window from 12.00 to 1.77 s before the arrival time of the P wave, which was used to calculate the spectrum of a noise in (b). Each time window has 1024 data points. b Spectra of waveforms for the four time windows shown in (a). c Example of a waveform of an M3.5 earthquake that was used for an EGF. Note that the vertical scales in (a) and (c) are different. d Spectra of waveforms for the four time windows shown in (c). e Deconvolved spectra with the fitted omega-squared model. The color lines are deconvolved source spectra, that is, (b) divided by (d), for three individual time windows with a resampling of frequency bands. The black broken line shows the fitted omega-squared model with corner frequencies of 3.16 and 12.6 Hz for analyzed and EGF earthquakes, respectively Fig. 4d for a the 1968 Tokachi-oki (Nagai et al. 2001 ), b 2003 Tokachi-oki (Yamanaka and Kikuchi 2003 , and c 1973 Nemuro-oki earthquakes (Yamanaka 2006) . The interval of the coseismic slip is 1 m (as in Fig. 4) . The dominant area of the afterslip following the 2003 Tokachi-oki earthquake is indicated by a broken blue line. Please refer to for details earthquake and would have higher potential for strain release, suggesting that this region may experience larger displacement during the next large earthquake.
Moreover, as shown in Fig. 4 , there is a low stressdrop patch around 42.7°N latitude and 145.0°E longitude. One reason for this would be that the area has a lower shear strength. This is consistent with a higher seismicity in this area, as shown in Fig. 4a, c , because the subduction rate of the Pacific Plate in this area should be the same as that for the surrounding areas.
Discussion
Physical background of the spatial pattern of stress drop
As we pointed out in the section "Stress drop and its mechanical significance," stress drop is an important source parameter indicating the difference between the shear strength and the dynamic stress level. Although the absolute value of shear strength and the dynamic stress level cannot be constrained based on waveform analyses, it is possible to estimate the difference between the two physical quantities if there is no significant overshoot or undershoot because the initial stress should be equal to the shear strength at the hypocenter, where the rupture initiates. As each earthquake gives one value of stress drop that reflects an averaged physical characteristic over a fault plane, the following must be considered.
First, we must analyze moderate-sized or smaller earthquakes. If the analyzed earthquakes have large fault planes, the obtained values of stress drop would not reflect local physical properties, but rather averaged properties over the large fault planes. We analyzed earthquakes with 4.0 ≤ M ≤ 5.0, and their fault sizes were on the order of 1 km. In this sense, our results for stress drop can be treated as indicators of the physical properties of the Pacific Plate. Second, as mentioned in the section "Stress drop and its mechanical significance," we must consider the self-similarity of earthquakes independent of their magnitudes. We will discuss this point in the following subsection and will confirm that our results reflect the spatial characteristics of the frictional properties of the Pacific Plate.
Stress drop as a function of depth, magnitude, and time Fig. 6b . The red circles indicate average values of stress drop for individual magnitude bins. Although no significant dependence of stress drop on magnitude was observed, there may be a weak correlation. Smaller earthquakes appear to have smaller values of stress drop. One possible reason for this is that the smallest value of stress drop can be controlled by the lowest available frequency, or the length of the time window, as explained in Fig. 3 . Regardless of whether this is an artifact, this slight dependency of stress drop on the earthquake size can cause an apparent spatial distribution of stress drop. We confirmed that the earthquakes had no spatial heterogeneity in size and that the observed spatial pattern of stress drop was not an artifact. Figure 6c shows the estimated stress drops as a function of time from June 2002 to December 2015. There is no apparent temporal change with respect to stress drop.
We would like to emphasize that no significant dependence of stress drop on depth or earthquake size was observed in our study. We found no temporal change. This is very important because we can rule out the possibility that the spatial pattern obtained in Fig. 4 is due to depth dependence of the estimated stress drop, temporal heterogeneity of earthquake occurrence, or size dependence of the stress drop. Moreover, this confirms that the spatial pattern of stress drop shown in Figs. 4 and 5 reflects the spatial heterogeneity of the frictional properties of the Pacific Plate.
Values of stress drop estimated from P and S waves
As each earthquake has one value of stress drop, the value of stress drop for an earthquake estimated from P wave should be equal to the value estimated from S wave. Note, however, that the absolute values of stress drop estimated from P waves are much smaller than the values deduced from S waves in this study (Fig. 4) . This discrepancy originates from the assumed rupture speed in the model and hence provides an insight into the rupture characteristics of analyzed moderate-sized earthquakes, as described in detail in the following.
The model of Madariaga (1976) assumes that the rupture initiates from the center of a fault plane and propagates with a certain speed that is lower than the P-wave velocity. The values of 0.32 and 0.21 for constant k in Eq. (11) depend on the assumed rupture speed, which we assumed to be 90% of the S-wave velocity V S . These factors become smaller for a lower rupture speed, and the value of k for P wave is much more sensitive to the rupture speed than that for S wave (Madariaga 1976) . As the estimated values of stress drop from P waves in our study are smaller those from S waves, lower rupture speeds result in the values of stress drop being closer. In other words, our results suggest that the actual rupture speed of the analyzed earthquakes would be lower than 0.9V S . This is consistent with previous studies that reported the rupture speed of earthquakes to be 70-80% of V S , independent of earthquake magnitude Heaton 1994, Yamada et al. 2005) , with a few exceptions, such as the 1999 Hector Mine earthquake, which had a low rupture speed (Ji et al. 2002) , and some super-shear earthquakes, including the 1999 Izmit earthquake (Sekiguchi and Iwata 2002) and the 2001 Kunlun earthquake (Walker and Shearer 2009) .
The estimated values of stress drop from P waves in Fig. 4b show exactly the same lateral pattern as the estimated values from S waves in Fig. 4d . This strongly suggests that our results for stress drop are stably estimated and that their lateral pattern indicates the spatial heterogeneity of the frictional properties of the Pacific Plate.
Validity of the assumption of M = M W
We calculated stress drops under the assumption that the value of M determined by JMA is equal to M W . As this assumption might introduce an artifact in our result, we investigated its validity. (7), which corresponds to the difference in magnitude between the analyzed and EGF earthquakes if their focal mechanisms are identical. a and b show the results for P and S waves, respectively M3.5 are 3.5 (M3.5 = M W 3.5). We herein refer to the abovementioned values as apparent magnitudes. As we used earthquakes with M3.5 as EGFs, Fig. 7 suggests that M W values would be slightly smaller than M values. This implies that the absolute values of stress drop obtained in this study might be overestimated. However, we can see a clear linear relationship between the two parameters with a slope of 1. This strongly suggests that the spatial pattern in stress drop derived in this study is reliable.
Conclusions
We analyzed stress drops of 686 earthquakes with magnitudes of 4.0 to 5.0 off the south-east of Hokkaido, Japan, and investigated the spatial heterogeneity of the difference between the shear strength and the dynamic stress level on the Pacific Plate. Spatial patterns of stress drop for both results estimated from P and S waves suggest correlations with slip distributions of large historical earthquakes and an afterslip following the 2003 Tokachi-oki earthquake. This suggests that the frictional properties of the plate interface exhibit little temporal change and their spatial pattern can be monitored by stress drops of moderate-sized earthquakes. The spatial heterogeneity can be used in estimating the slip pattern of a future large earthquake and discussing a policy for disaster mitigation, especially for regions in which slip patterns of historical large earthquakes are unclear, including the western coast of North America. 
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